The structural and conducting properties of single-wall carbon nanotubes ͑SWCNs͒ in embedded as well as in side contact with metal leads are obtained using efficient formalisms based on spin polarized tight-binding formulation incorporating full consideration of s, p, and d basis sets for carbon and metal atoms. The full structural relaxation of the combined SWCN and metal system is found to be essential for realistic characterization of conductivity. More importantly, convergence with respect to the number of the metal-lead ͑ML͒ atoms in contact with the SWCN is found to be even more critical. Our results indicate that in order to maximize device efficiency, one needs to use ML-SWCN systems with a minimal ML-SWCN contact width to SWCN length ratio. If this ratio is large enough, the SWCN cannot be seen independently of its contacts and the ML-SWCN-ML system behaves as a molecular wire. Additionally, the ML-SWCN-ML complex is found to have spin-selective transport properties for certain bias range, making it a promising candidate for use as a spin valve in nanoelectronic devices.
I. INTRODUCTION
The unique structural and electrical properties possessed by the molecularly perfect single-wall carbon nanotubes ͑SWCNs͒ make them a promising candidate for use in nanoscale electronics. In actual device applications, the SWCNs must be contacted with metallic leads ͑MLs͒ with controllable ML-SWCN contact resistance. It has been well established that the levels of crystallinity and sharpness of the ML-SWCN interface, i.e., two factors which influence the width of the contact and its lattice disorder, play a major role in influencing the current-voltage ͑I-V͒ characteristics of the SWCN. [1] [2] [3] Most of the theoretical approaches used in the studies of the transport properties of the SWCNs in contact with MLs assume ideal ML-SWCN interfaces, i.e., undisturbed by their mutual interaction ͑contact͒ 1,4-8 and, therefore, limited in the realistic description of the conducting properties of such systems. One way to improve the idealistic approximation of the ML-SWCN interface is to consider part of the MLs as part of the SWCN and focus the investigation on the properties of the "extended molecule," the latter consisting of the SWCN itself and part of the MLs. 8 This approximation is expected to disperse significantly the coupling and smooth out the I-V curves. 9 Provided that the extended molecule is allowed to relax, this approximation may describe well the effect of the ML contacts on the electron transmission properties of the SWCN. However, the relaxation of the interfaces is very rarely attempted 10 because by making ͑parts of͒ the MLs part of the extended molecule, the system becomes prohibitively large enough for accurate molecular dynamics ͑MD͒ simulations which are necessary for obtaining its relaxed geometry.
It should be noted that the ML-SWCN contact plays a multiple role in the electron transport through a SWCN. On the one hand, the ML interaction may shift and broaden the energy levels of the SWCN and, in general, modify its energy spectrum. On the other hand, depending on the choice of the metal the ML is made of, the ML-SWCN junction may act either as a Schottky barrier ͑if the work function of the ML is greater than that of the SWCN͒ or as an Ohmic contact otherwise. 11, 12 In addition to this, the choice of the metal constituting the ML plays a significant role in determining the size of the contact resistance. 13 It is worth noting that the distinction between Schottky-and Ohmic-type contact is, in general, based on the macroscopic data of the work function values of the MLs. However, in the limit of a nanojunction, where only a few ML atoms could form the contact, due to the fact that the ionization potential of a metal cluster depends strongly on its size, it is possible that as the number of the atoms of the ML increases, the same ML could form either an Ohmic or a Schottky contact with a SWCN.
14 This is a crucial factor in the fabrication of scanning tunneling microscope probe tips and in the analysis of their corresponding scanning tunneling microscopy data. 14 It is clear that a realistic characterization of the complex ML-SWCN interface followed by an accurate characterization of the conducting properties of the combined system is timely and necessary from the perspective of molecular nanotechnology. In this work, we investigate the problem of the ML-SWCN-ML junction by performing full structural relaxation with no symmetry constraint using molecular dynamics simulations. The resulting structure is further used to calculate the I-V characteristics. The two contact configurations most commonly used in electronic circuits are ͑i͒ embedded-end-contact configuration and ͑ii͒ the side-contact configuration. In the present work, we focus on both these. The case of the plain ͑nonembedded͒ end contact has been investigated in our previous work.
II. FORMALISM
At the level of approximation in which no spin-flipping terms are present in the Hamiltonian of the extended molecule, the calculation of its transmission coefficient and its I-V curves is based on the calculation of the spin-resolved Green's function, G exmol ͑E͒ ͑ = ± 1 for spin up and spin down, respectively͒, defined as follows:
where H exmol is the spin-resolved Hamiltonian of the isolated extended molecule and ⌺ L and ⌺ R are the left ͑L͒ and right ͑R͒ self-energies, respectively, which simulate the left and right contacts of the extended molecule to the metal leads.
We use the tight-binding ͑TB͒ Hamiltonian for performing molecular dynamics simulations. 16 The TB representation of the Hamiltonian H exmol consists of N at N orb ϫ N at N orb matrices, where N at is the total number of atoms making up the ML-SWCN-ML system and N orb is the number of orbitals on each atom. We use N orb = 4 for carbon that includes 1s and 3p orbitals and N orb = 9 for Ni that includes 1s, 3p, and 5d orbitals. The use of all these orbitals is necessary in order to allow for the correct description of the interatomic interactions between C-C, C-Ni, and Ni-Ni atoms. 16 For the investigation of the electronic transport of the ML-SWCN systems, we use the surface Green's function matching method. 15 In this approach, we followed Datta's formalism 4 suitably modified by implementing it in the embedding approach of Inglesfield and Fisher. 17 The same TB Hamiltonian is used both in the conductivity calculation as well as for performing molecular dynamics simulations for structural relaxation ensuring consistency in the calculations.
Having evaluated G exmol , the spin-resolved transmission function T ͑E , V b ͒ can be obtained from the following equation:
where V b is the bias voltage,
with the self-energies as obtained using the formalism of Ref. 15 . The total transmission function T͑E͒ for the extended molecule is
Finally, the electron current through the extended molecule due to the applied bias V b is obtained by utilizing the formula
where V L and V R are the applied voltages on the left and the right metal leads, respectively, e Ͼ 0 is the electron charge, E F is the Fermi energy, and f E ͑͒ is the Fermi distribution,
where k B is Boltzmann's constant and T the temperature. In the following, we set the bias voltage V b = V L − V R .
III. APPLICATIONS
We next consider the application of the formalism to metal in contact with the nanotube. Metal contacting the nanotube and forming ML-SWCN-ML system consists of several layers, ideally infinite. A few of the metal layers are included as part of the extended molecule. These consist of ͑i͒ metal layers in direct contact with the nanotube and ͑ii͒ a few layers that are neighboring to the SWCN. The extended molecule consists of nanotube and these two sets of metal layers. The remaining metal layers form the two MLs each of which is semi-infinite. In the present applications, the extended molecule consists of 800-1100 atoms. The entire extended molecule is allowed to fully relax through MD simulations with no symmetry constraints.
The MLs are assumed to be of bulk Ni metal in the ͗001͘ orientation relative to the nanotube axis ͑taken to be the z axis͒ in the embedded-end-contact configuration, while in the side-contact configuration the Ni͗001͘ direction is perpendicular to the tube axis. Due to the prohibitive computational demands, we have made the following approximations: ͑i͒ The transmission function T͑E , V b ͒ is independent of the bias voltage V b and ͑ii͒ the self-energies are spin independent. Thus, only the atoms of the extended molecule are treated at the spin-resolved level of approximation. This assumption is quite realistic as it may be considered as the average effect of the ML onto the spin-polarized Hamiltonian of the extended molecule.
In the embedded-end-contact configuration, the open ends of the SWCN are buried into the ML surface in a way that ML atoms may bond from both the exterior as well as the interior part of the tube ends. The top panel of Fig. 1 shows the relaxed structure consisting of a ͑10,0͒ SWCN in embedded end contact with the Ni͗001͘ surface. The relaxation results in the distortions of atomic positions for both Ni and C atoms in the contact region. To better illustrate this, Ni atoms from the top panel in Fig. 1 have been removed to obtain the nanotube in the middle panel that shows the distortions of C atoms at the ends. The bottom panel shows distortion-free nanotube for comparison.
We investigate the effect of ML contacted with SWCNs by carrying out a systematic study of the I-V characteristics by considering various ML-SWCN interface geometries. In particular, effects of the number of metal-lead layers in contact with SWCN in embedded-end-contact ͑Fig. 1, top panel͒ configuration on the I-V curves were looked at. Additionally, we also looked at the effect of varying the length of the SWCN segment between MLs on conductivity. In these contact types, the electron transport through a ML-SWCN contact can only be studied within the configuration ML-SWCN-ML because, as Xue and Ratner observe, 5 the SWCNs, as quasi-one-dimensional wires, cannot be treated as electron reservoirs.
We first study the effects of ML thickness on SWCN conductivity by considering three, five, and seven Ni͗001͘ layers in embedded end contact with SWCN for a fixed SWCN length. The SWCN in embedded end contact with five Ni͗001͘ layers is shown in the top panel of Fig. 1 . All three embedded-end-contact configurations that we studied were fully relaxed with no symmetry constraints using the TBMD scheme. Subsequently, we investigated the effect of the tube length on the I-V characteristics, this time keeping the number of metal layers fixed. Results for the side-contact configuration are also presented. Furthermore, the I-V curves obtained via the embedded atom approximations ͑embedded end contact and side contact͒ are compared with those of the ML-free SWCN and the results are discussed.
IV. RESULTS
The calculated I-V curves for three embedded-contact configurations along with the Ni removed SWCN system ͑Fig. 1, middle panel͒ are shown in Fig. 2 . These were obtained by assuming symmetric biasing, i.e., V L =−V R = V. The corresponding transmission functions, T =up ͑E͒ ͓as defined by Eq. ͑2͔͒, are plotted in the inset. From this, it can be seen that for ͑10,0͒ SWCN embedded in MLs, noticeable changes are induced in T =up ͑E͒ in going from three to five metal layers. The changes refer to the location, the width, and the strength of the resonance peaks of T =up ͑E͒; they are especially pronounced for energies below the Fermi energy E F ͑set to zero͒, where the T =up ͑E͒ for the system with the three metal layers appears larger than that of the five metal layers and exhibits a transmission gap at higher energies when compared to those found in the case of the five metal layer contact. By further increasing the thickness of the metal layers which is incorporated in the extended molecule, i.e., in going from five metal layers to seven metal layers, it can be seen from Fig. 2 that the differences in the transmission features of the five and the seven metal layer systems are not significant, indicating that convergence has been attained in T =up ͑E͒ with respect to the contact width.
It is instructive to compare these results with the spindown cases. In Fig. 3 , the main graph shows results for the I-V characteristics, while the lower inset shows results for the T =down ͑E͒ in the spin-down case. For comparison purposes, we also include T =up ͑E͒ results for the spin-up case in the five metal layer configuration. The current is obtained by using symmetric bias. In the figure, we also show ͑upper inset͒ the total current obtained under asymmetric bias. As can be seen in the lower inset of Fig. 3 , the dependence of T =down ͑E͒ on the number of Ni layers which are incorporated in the extended molecule is the same as in Fig. 2 . However, a striking difference between T =up ͑E͒ and T =down ͑E͒ is observed, as shown in the inset of Fig. 3 . That is, T =down ͑E͒ ͑of the majority spins͒ in contradistinction to T =up ͑E͒ ͑of minority spins͒ exhibits a noticeable dip ͑signa-ture of a transmission gap͒ for positive biasing voltages greater than 1.0 V. This picture is qualitatively the same and independent of the width ͑i.e., the number of metal layers incorporated͒ of the contact region. This observation allows one to consider the SWCN as a possible spin valve in device applications. It should be emphasized, however, that this property is due to the magnetic features of the MLs and does not reflect an intrinsic tube property. This indicates that the transport properties of the SWCNs can be tailored by incorporating metallic caps at their ends. If these caps are made of magnetic metals ͑Ni, Co, Fe, etc.͒, the resulting extended molecules can find significant spintronic applications. Such a possibility can be further exploited by specifying independent spin orientations in the left and right metal leads with the use of magnetic fields.
The changes in the current values as the number of incorporated metal layers increases clearly demonstrate the effect of the contact width on the transmission properties of the extended molecule. That is, the SWCN-ML interaction shifts and broadens the energy levels of the Ni segment in inverse proportion to its size ͑see below the analogous dependence of the I-V characteristics on the tube length͒. As a result, by increasing the number of metal layers, the number of the conduction channels through the Ni segment is altered, leading to a noticeable dependence of the current on contact width.
The comparison between the transmission properties of the ML-free ͑10,0͒ SWCN ͑shown in Fig. 1 , middle panel͒ and those of SWCNs with the metal leads ͑Fig. 1, top panel͒ 18 appears to be very interesting. Note that the SWCN was found to have the same structure ͑Fig. 1, middle panel͒ when embedded in three, five, or seven Ni layers. As seen in Fig. 2 , it is clear that the MLs significantly modify the resonance structure of T͑E͒ of the ML-free SWCN. In particular, it can be seen that the MLs introduce resonant tunneling states 19 around E F in an energy region where the T͑E͒ of the ML-free tube does not have any significant values with the exception of a resonant peak at E F which is due to the finite feature of the tube. 20 By contrast, significant number of resonant tunneling states are introduced in this region by the MLs which now exhibit a noticeable dip near E F . This is not directly reflected in the I-V curves as the latter are obtained in the symmetric bias configuration. A one to one correspondence between an I-V characteristic and the corresponding T͑E͒ function is better exhibited if the I-V curves are obtained in the asymmetric bias configuration ͑see Fig. 3͒ . The new features, which are introduced by the MLs in the resonant structure of T͑E͒ can, in the present case study, be attributed to the Ni leads which introduce electron density of states ͑DOS͒ around and above E F , as demonstrated in Fig.  4 . This figure shows the average total DOS for the extended molecule consisting of SWCN and five Ni layers. The Fermi energy E F is taken to be the energy of the highest occupied molecular orbital of the extended molecule. In the same figure, we also included the average DOS for the Ni and C atoms in mutual contact with each other. The effect of DOS modifications is reflected in the differences in the I-V characteristics between embedded and metal-free SWCN systems.
Similar calculations were performed for the ͑10,0͒ SWCN in side contact with Ni͑001͒ MLs with each Ni lead consisting of five metal layers in the extended molecule. Both ends of the SWCN were capped to eliminate dangling bonds. The fully relaxed configuration is shown in Fig. 5 . The contact region shows distortions. The results obtained for I-V and T͑E͒ for this configuration are presented in Fig. 6 . As is apparent from this figure, the calculated transmission functions for spin-up and spin-down electrons follow the same trend as in the embedded-end-contact case. That is, T =up ͑E͒ is found to be larger than T =dn ͑E͒ for large positive bias with the result that current associated with the spin-up electrons is larger than that of the spin-down electrons at this bias range. This means that the contact configuration does not affect this spin-selective transport feature, implying that the tube may be used as a spin valve independently of its contact configuration. For comparison in the same figure, we have included the corresponding I-V curve obtained for the total current in the embedded end contact. It is quite interesting to note that the embedded end contact exhibits almost the same contact resistance as the side contact. This could have been expected in our application since both types of SWCN-ML contacts exhibit the same effective contact area ͑i.e., the same number of C atoms in contact with Ni atoms͒ and the Ni atoms in contact with the SWCN are randomly distributed.
The dependence of the I-V results on the tube length is demonstrated in Fig. 7 for the spin-down electrons. We start with the five metal layer SWCN configuration ͑Fig. 1, top panel͒ that contains 320 C atoms in the SWCN portion. We then double the number of C atoms in SWCN while keeping the number of Ni atoms fixed. The inset shows the corresponding transmission functions, T =down ͑E͒, for the two cases. The main graph shows evolution from Ohmic to nonOhmic behavior as the tube length increases. The inset shows a lifting of transmission channels for the longer tube in an energy window below E F where the shorter tube exhibits poor transmission. As a result, there is zero conductance for the longer tube for negative bias up to Ϸ−1.3 eV. This tendency gets more pronounced if the tube length is further increased as we found in a separate calculation using a tube with N, 2N, and 3N atoms ͑N = 320͒ but with MLs consisting of three Ni layers. The computational complexity, however, does not allow us to consider SWCNs with more than 2N atoms embedded in five Ni layers. Consequently, our investigation does not cover the limiting case of infinite tubes.
V. CONCLUSIONS
The results shown in Figs. 2, 3, 6 , and 7 lead to the following conclusions: Firstly, in order to describe correctly the ML-SWCN contact within the extended molecule approximation, it is necessary to achieve convergence in the properties of the T͑E͒ with respect to the width ͑thickness͒ of the contact. The presented results suggest that the formation of ML contacts on a very short SWCN leads to significant changes in its conducting channels. This behavior resembles that of a molecular transport junction;
5 the short SWCN cannot be seen isolated from its ML environment. Furthermore, the MLs dominate the energy spectrum of the short SWCN in addition to the changes ͑shifting and broadening of the energy levels͒ they impose on it. Therefore, one cannot fully exploit the free-SWCN transport properties with nanotubes of insufficient lengths. Secondly, in order to exploit the properties of the SWCN in nanoelectronics, in addition to the low contact resistance the ratio of the metal layer width to the tube length has to be small enough. Apparently, the latter can be achieved by increasing the tube length sufficiently. Increasing the tube length to metal layer width ratio, one can approach a regime where isolation of the SWCN transmission properties could be achieved. This is because by increasing the tube length, a gradual recovering of the infinitetube spectrum is achieved toward the center of the tube. This is due to the fact that the peak of T͑E͒ at E F as well as the heights and widths of the resonant T͑E͒ peaks decay, shift, and saturate at the infinite-tube values 5, 15, [20] [21] [22] as the tube length increases and, therefore, the SWCN conduction chan- nels recover their own features. Thus, the effect of the contact region ͓which includes a few ͑4-5͒ Ni layers and a few ͑5-6͒ carbon rings of the embedded end of the SWCN͔ eventually gets filtered out as the tube length increases. Alternatively, we can say that as the tube length increases, the roles of the tube and the metal layer contact are reversed. That is, at small tube lengths the tube acts as a perturbation on the metal layers incorporated in the extended molecule, while at long lengths it starts acting as the recipient of the perturbation from the metal layers. This is a very crucial observation as it may be used to question the validity of the extended molecule approximation in the studies of molecular conductivity. That is, the extended molecule is an entity which may be very different from the molecule ͑or SWCN͒ studied depending on the percentage ͑ratio͒ of the ML atoms participating in the extended molecule and irrespective of the nature of the coupling interaction ͑short or long range͒. On the other hand, by capping the ends of the SWCNs with appropriate caps made of magnetic metals, one can fabricate nanotubes for spintronic applications.
Conclusions, therefore, can be drawn that the transport properties of the coupling region exhibit a critical size dependence on both the bias voltage and its interaction strength with the tube as demonstrated in the above. For resonant tunneling to take place, the conduction channels of the SWCN ͑which merge as discrete energy levels far from the contact region͒ have to be aligned with the Fermi energy of the semi-infinite ML ͑left or right, depending on the bias͒. Such a condition can be realized with the help of a drainsource bias and/or a gate voltage. It should be recalled, however, that by increasing the tube length, the number of resonant peaks of T͑E͒ increases in any energy range and the spacing between any two such peaks decreases. 13, 20, 22 Thus, for practical applications, one has to consider the interplay between the distortion of the tube spectrum caused by the ML contacts and the richness of the transmission spectrum associated with the tube length.
In the present application for the longer SWCN embedded in MLs ͑taken to be made of Ni͒, the ML-SWCN interaction does not lead to significant structural distortions of the SWCN beyond the contact region. Therefore, the effect of the contact reflects mainly the details of its structural quality. One can add to this the expectation that possible randomness in the redistribution of the Ni atoms resulting from the relaxation at the contact region could lead to an enhancement of T͑E͒ according to earlier reports of Anantram et al. 23 All these findings indicate that realistic simulations of the ML-SWCN contact should employ structurally relaxed ML-SWCN interfaces. Although valuable applications of SWCNs utilize their bulk intrinsic properties ͑e.g., limited number of conduction channels͒, however, ML-SWCN interfaces play crucial role in device applications as they specify contact resistances, left-right contact asymmetry, etc. This role is enhanced in tubes of finite length in which level shift and broadening take place. In these cases, the structurally relaxed extended molecule approximation becomes a necessity.
Similar calculations were also repeated for the SWCN of armchair chirality, namely, the ͑5,5͒ SWCN in embeddedend-contact configurations. The obtained results led to the same qualitative conclusions. The present results, thus, give a conclusive answer on the effect of the ML-SWCN contact on the transport properties of the SWCN.
In conclusion, it has been demonstrated that the structurally relaxed extended molecule approximation is an appropriate and realistic approach to the ML-SWCN contact, while the end-contact configuration which does not incorporate ML atoms into the tube Hamiltonian is closer to the ML-free ͑ideal͒ case. While the relaxed extended molecule approach to the ML-SWCN contact appears as one of the best solutions to the problem, it has to be taken in the limit of convergence with respect to the number of the ML atoms which are included in the extended molecule. In this limit, our results indicate that for practical applications one has to use ML-SWCN systems with the following characteristics: Firstly, the ML-SWCN systems must have a small ratio of ML-SWCN contact width to SWCN length. This is because if this ratio is large enough, the SWCN cannot be seen independently of its contacts and the ML-SWCN-ML system behaves as a molecular wire. Secondly, the MLs must have sufficient thickness in order to achieve the bulk ML features. This is quite important for device applications which will guarantee reproducibility of the results.
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